Introduction
Chiral compounds are very useful synthons and pharmaceutical intermediates [5, 7, 18] . Among them, optically active ethyl 4-chloro-3-hydroxybutanoate (ECHB) is a useful chiral building block used in the synthesis of certain pharmaceuticals. The (R)-enantiomer is a precursor of L-carnitine, and the (S)-enantiomer is an important starting material for hydroxymethylglutaryl-CoA reductase inhibitors [11, 13] . Enzymatic reduction of ethyl-4-chloro-3-oxobutanoate (ECOB) by some reductase enzymes is a useful process in the asymmetric synthesis of chiral ECHB [1, 17, 19] .
These enzymatic reduction reactions require a large amount of the expensive cofactor NADPH; hence, practical applications require efficient recycling of the cofactor [5, 16] . Generally, cofactors can be regenerated through "coupled-substrate" [14, 21] and "coupled-enzyme" [5, 11, 15] approaches. The "coupled-enzyme" method is the more general approach and utilizes the first enzyme for the desired biotransformation and the second to regenerate the cofactor.
Until now, some X-ray crystal structures of carbonyl reductase enzymes have been elucidated and their ternary complexes with substrate and cofactor have been disclosed [4, 8, 10] . Based on these early X-ray structures, many homology and docking models for other reductases have been suggested [8] . Detailed structural information about substrate-and cofactor-binding sites is very important to understand their reaction mechanisms. In addition, new mutant enzymes can be constructed through rational design and site-directed mutagenesis to change their cofactor preference or enhance enantioselectivity [2, 12, 23] .
In a previous study, we generated a variety of microbial reductases in E. coli cells [3] . Among these, the yeast reductase YOR120W converted ECOB exclusively into (R)-ECHB. In this study, we purified and characterized YOR120W and conducted a coupling reaction with Bacillus C for 1 min. The PCR product was ligated into the pGEM-T Easy Vector (Promega Corp., Madison, WI, USA) and transformed into E. coli XL1-Blue. The resulting plasmid was digested with NdeI and BamHI, and the reductase gene was ligated into the downstream of the pET-22b vector T7 promoter and transformed into E. coli XL1-Blue. Finally, the recombinant plasmid pETR120 was constructed.
Materials and Methods

Chemicals
The plasmid was transformed into E. coli BL21 (DE3), and the E. coli cells were cultured at 20 o C in 400 ml of Luria-Bertani medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) containing 100 µg/ ml ampicillin. When the cells reached an optical density at 600 nm of 0.5, expression was induced by adding 1 mM isopropyl thio-β-Dgalactoside (IPTG). Cultivation was continued for an additional 24 h, and the cells were harvested by centrifugation at 6,000 ×g for 10 min at 4 o C and suspended in a 1/40 volume of 50 mM potassium phosphate (pH 7.5) buffer. The cells were disrupted by sonication, and crude extracts were obtained by centrifugation at 10,000 ×g for 10 min at 4 o C.
Purification of Reductase YOR120W
The reductase YOR120W in cell-free extract was purified as follows. First, 10 ml of the cell-free extract of E. coli BL21 (DE3)/ pETR120 was loaded onto a Ni-NTA column (10 ml) (Qiagen GmbH, Hilden, Germany) equilibrated with a 50 mM potassium phosphate (pH 7.5) buffer containing 50 mM imidazole and 300 mM NaCl. After washing with the same buffer, the reductase was eluted from the column with 200 mM imidazole buffer. The active fractions were collected and desalted with a PD-10 desalting column (33.2 ml) (GE Healthcare Bio-Science AB, Piscataway, NJ, USA).
Reductase and GDH Activity Assays
Reductase activity was evaluated at 30 o C by measuring the reduction in absorbance at 340 nm for 5-10 min using a spectrophotometer. The reaction mixture (1 ml) consisted of 1 mM ECOB (100 mM stock in DMSO), 0.2 mM NAD(P)H, 50 mM potassium phosphate (pH 7.5) buffer, and 2-50 µl cell-free extract or 10 µg of the purified reductase. In the case of mutants, the reaction mixture (1 ml) consisted of the same components and 10 µg of purified mutants (for NADPH) or 100-200 µg of the purified mutants (for NADH).
One unit of reductase was defined as the quantity of enzyme required to catalyze the oxidation of 1 µmol NAD(P)H in 1 min at 30 
Characterization of Reductase YOR120W
The effects of temperature and pH were evaluated using the purified reductase. Reaction rates were measured by spectrophotometry through the oxidation of NADPH at 340 nm with the purified enzyme. The reaction rates were measured at various temperatures (5-60 o C). The enzyme was pre-incubated for 30 min at 10-40 o C to evaluate its temperature stability, and the remaining activity was assayed at 30 o C. The following buffers (50 mM) were utilized to assess the effects of pH: pH 3.0-6.5, sodium acetate/acetic acid; pH 6.5-8.0, KH 2 PO 4 /K 2 HPO 4 ; pH 7.5-9.0, Tris-HCl; pH 9.0-11.0, glycine-KCl-KOH; and pH 11.0-12.0, K 2 HPO 4 /K 3 PO 4 . To confirm the pH stability, the enzyme was pre-incubated for 30 min in these various pH buffers on ice and then adjusted to pH 7.5, and the residual activity of the enzyme was evaluated.
The effect of the potassium phosphate buffer concentration on the reductase reaction was measured. Various buffer concentrations (50, 100, 150, 200, 250, and 300 mM) (pH 7.5), including 1 mM ECOB, 0.2 mM NADPH, and 10 µg of purified reductase YOR120W were used.
Reaction solutions (50 mM potassium phosphate buffer, pH 7.5) containing 1 mM ECOB, 0.2 mM NADPH, 10 µg of purified enzyme, and various concentrations of DMSO (final concentration 1%, 2%, 3%, 5%, 10%, 15%, and 20% (v/v) were mixed, and reaction rates were evaluated by determining the decrease in absorbance at 340 nm.
Kinetic studies were conducted using the purified reductase YOR120W. Enzyme assays were evaluated in reaction mixtures containing 0.1-12 mM ECOB, 0.2 mM NADPH, and 12 µg of purified enzyme to elucidate the K m and k cat values toward ECOB, which were calculated based on the Michaelis-Menten equation and Lineweaver-Burk plots. Then, enzyme assays were conducted in the reaction mixtures including excess ECOB (10-fold concentration of K m , ECOB), 0.01-0.2 mM NADPH, and 4 µg of purified enzyme to determine the K m and k cat values toward the NADPH cofactor.
Enzymatic Coupling Reaction and Reaction Mixture Analysis
The conversion rate and enantioselectivity of the enzymatic reduction of ECOB were evaluated. The general procedure was as follows: 100 mM ECOB, 1 mM NADP + , 13 units of reductase YOR120W, 150 mM D-glucose, and 26 units of commercial glucose dehydrogenase from Pseudomonas sp. (or recombinant glucose dehydrogenase (GDH) from Bacillus subtilis) were mixed in a total volume of 10 ml of potassium phosphate buffer (50 mM, pH 7.5), and the mixture was incubated at 25 o C. The pH of the reaction mixture was monitored with a pH meter and maintained at 7.0-7.5 by adding 1 M NaOH.
To investigate the enantioselective excess (e.e.) of the mutants, 10 mM ECOB, 30 mM D-glucose, 1 mM NADP + , 0.1 mg/ml bovine serum albumin, 2 units of reductase (wild-type or mutant), and 4 units of recombinant GDH were mixed in 5 ml of potassium phosphate buffer (50 mM, pH 7.5), and the mixture was incubated at 25 o C. ECHB was extracted with ethyl acetate and dried via evaporation. After the acetylation and washing steps [8] , the organic phase was subsequently analyzed using a gas chromatography system equipped with a Chirasil-dex column (Varian, Palo Alto, CA, USA). The column temperature was increased from 70 
Site-Directed Mutagenesis
Q29, K264, N267, and R270 residues were mutated into other selected amino acids using a QuickChange Lighting Site-directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The PCR primers employed to prepare the mutants are provided in Supplementary  Table S1 .
The S. cerevisiae YOR120W gene was used as template DNA for the PCRs to prepare the mutants. The reaction conditions were as follows: 30 cycles of denaturation at 95 o C for 20 sec, annealing at 60 o C for 10 sec, and polymerization at 72 o C for 3.5 min. After the PCR, the reaction mixtures were treated with DpnI at 37 o C for 5 min and subsequently transformed into E. coli XL10-Gold ultracompetent cells using the QuickChange Lighting Site-directed Mutagenesis kit. The recombinant plasmids were purified from the recombinant E. coli cells, and their nucleotide sequences were analyzed to confirm the mutations.
The recombinant plasmids were transformed into E. coli BL21 (DE3) cells. The mutant reductase enzymes were expressed and purified as in the case of the wild-type reductase. The purified enzymes were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Supplementary Fig. S1 ), and their protein amounts were assayed by the Bradford method.
Results and Discussion
Preparation of YOR120W Reductase
We have previously cloned and expressed several S. cerevisiae reductase genes in E. coli cells [3, 8] . Among them, YOR120W reductase reduces the carbonyl group of ECOB and generates (R)-ECHB exclusively. YOR120W reductase produces various chiral compounds and some rare sugars [6, 20] . However, no report has addressed the related ECOB reduction; thus, we characterized the reaction conditions of YOR120W reductase.
When E. coli cells harboring the pETR120 plasmid were cultivated and induced with IPTG, recombinant YOR120W reductase was produced in soluble and insoluble forms; The YOR120W reductase present in the soluble fraction (Fig. 1, lane 1) was more than that in the insoluble fraction (Fig. 1, lane 2) . The specific activity of the soluble fraction was 1.04 U/mg. This enzyme had a His-tag at its C-terminal part and, hence, could be purified easily via two steps (Fig. 1, lane 3) 
Fig. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the reductase YOR120W.
Lane M, molecular size markers; lanes 1 and 2, soluble and insoluble fractions of E. coli cells containing the YOR120W gene; lane 3, purified reductase YOR120W using a Ni-NTA column.
using Ni-NTA and PD-10 column chromatographies. The specific activity of the final purified enzyme was 3.38 U/mg.
Characterization of YOR120W Reductase
The biochemical properties of YOR120W reductase were evaluated via the spectrophotometric method to determine optimal reaction conditions. The optimum reaction temperature was 40 o C and the activity decreased at temperatures >40 o C (Fig. 2A) . When the enzyme was incubated at various temperatures for 30 min, it was stable at up to 25 o C, but the stability decreased rapidly at >30 o C (Fig. 2B) . The optimal pH was at 6.5 (Fig. 2C) , and the enzyme was stable at pH 5-8 for 30 min (Fig. 2D ). An oxidation reaction using GDH was used to regenerate NADPH to continue the reduction reaction for a long time (Fig. 3) . As this oxidation reaction proceeded, glucose oxidized into gluconic acid, and the pH of the solution decreased. Therefore, the use of a high molar concentration of an appropriate buffer was of critical importance. YOR120W reductase activity was measured in an increasing molar concentration of potassium phosphate buffer (pH 6.5). Reductase activity was maintained at a constant level at 50-300 mM (Fig. 2E) .
In contrast, the ECOB substrate was dissolved in DMSO to a concentration of 1 M and utilized for the enzyme reaction. Reductase activity was measured with an increasing concentration of DMSO to elucidate the effects of DMSO (Fig. 2F) . When the concentration of DMSO was higher than 2%, enzyme activity reduced rapidly.
The kinetic parameters (k cat and K m ) for NADPH and ECOB were obtained based on the Michaelis-Menten and Lineweaver-Burk equations (Fig. 4) 
Production of (R)-ECHB by the Reductase YOR120W-GDH Coupling Reaction
Abundant NADPH must be supplied for the ketone reduction reaction to proceed for a prolonged period. However, as NADPH is expensive, a NADPH-regeneration system is required. We utilized a GDH-coupling reaction to regenerate NADPH. 
Fig. 3. Schematic coupling reaction using reductase and glucose dehydrogenase (GDH).
The reductase YOR120W catalyzed the reduction of ECOB into (R)-ECHB. NADPH was supplied continuously in the reaction solution from the glucose oxidation reaction by GDH.
As the coupling reaction continued, gluconic acid accumulated, and the solution pH decreased. The optimum pH of the reductase YOR120W was 6.5, and it was most stable at pH 5-8. Therefore, in this experiment, the pH of the solution was maintained at 7.0-7.5 by occasional additions of 1 M NaOH.
When the coupling reaction was conducted with an initial substrate concentration of 30 mM, approximately 100% of the ECOB was converted to (R)-ECHB within 120 min (data not shown). We performed the reductase YOR120W-GDH coupling reaction with an initial substrate concentration of 100 mM. Two different GDHs were used to regenerate NADPH; commercial GDH from Pseudomonas sp. and recombinant GDH from B. subtilis (Figs. 4A and  4B) .
The bioconversion yield and the initial rate for commercial GDH were 77.3% and 41.9 mM h -1 , respectively, within 240 min. (R)-ECHB was produced with an e.e. value of around 90% (Fig. 5A ). In the case of recombinant GDH from B. subtilis, the bioconversion yield was 78.5% during the coupling reaction (Fig. 5B) . The initial rate was 63.9 mM h -1 , which was approximately 1.5-fold higher than that of the commercial GDH. (R)-ECHB was produced with a final e.e. value of around 90%.
Determining the NADPH-Binding site in YOR120W Reductase
In a previous study, the homology model of YOR120W and its docking model with ECOB and NADPH were reported [8] . In this study, we elucidated the NADPH- binding site of YOR120W based on previous structural models.
Detailed structural analysis of the NADPH-binding site using the docking model suggested that the 2-phosphate group of the NADPH adenosine ribose was surrounded by four amino acid residues such as Q29, K264, N267, and R270 (Figs. 6A and 6B) .
We constructed several mutant reductases to confirm the importance of these residues. A total of 10 different mutant enzymes were constructed; Q29 was mutated into Glu or Lys, K264 into Arg or Tyr, N267 into Asp or Gln or Glu, and R270 into His or Tyr or Lys. After their expression in E. coli cells and purification, the purities were ascertained via SDS-PAGE (Fig. S1 ). When the reductase activities of the purified wild-type and mutant enzymes were measured using ECOB and NADPH as the substrate and cofactor, respectively, three mutants (Q29E, N267D, and N267Q) showed similar high specific activities and the other seven mutants showed significantly decreased activities (Table 1) . Among them, the K264Y and R270Y mutants showed very low specific activities, which indicated that positive (+) charges on the K264 and R270 residues were required for binding the negative (-) charge of the 2'-phosphate of NADPH. K264R and R270K showed somewhat reduced but significantly high activities, which confirmed the importance of positive charges in these residues. Previous studies have described the NADPH-binding sites of some other reductases. Three positively charged residues (R27, K261, and R264) have been suggested to interact with 2'-phosphate in YDL124W reductase [9] , whereas two positively charged residues (R32 and K36) have been suggested to interact in YOL151W [22] . These results clearly show the importance of the electrochemical moieties at NADPHbinding sites. YOR120W and all mutants showed very low activity when NADH was used as the cofactor instead of NADPH (Table 1) .
Most reductases have broad substrate specificity and high enantioselectivity [11, 15] . In the case of the reductase YOR120W, the e.e. of this coupling reaction was 90%. Enantioselectivity can sometimes be changed depending on the reaction conditions, such as temperature and concentration of substrate and organic solvent [18, 20] . In addition, it can be changed through active-site amino acid substitution [23, 24] .
Three mutants (Q29E, N267D, and N267E) with similar activities to that of the wild type were tested for their conversion activity and enantioselectivity. All three mutants showed increased conversion yields and, among them, the Q29E mutant had an e.e. value of 93%, which was higher than that of the wild type (Fig. 7) .
Zhang et al.
[23] engineered short-chain carbonyl reductase from Candida parapsilosis to substitute amino acid residues interacting with the cofactor. The mutants increased the enantioselectivity. These results show that amino acid substitution near the cofactor-binding site could affect not only the preference of cofactors but also enantioselectivity.
In this study, we demonstrated that the reductase YOR120W showed a high degree of activity toward ECOB and generated (R)-ECHB enantioselectively. Through the reductase-GDH coupling reaction, NADPH could be recycled continuously during the reaction process and, as a result, a high concentration of ECOB was converted into (R)-ECHB. Based on the docking modeling as well as sitedirected mutagenesis, we confirmed that the K264 and R270 residues were important for binding the NADPH cofactor. Some mutants had increased conversion activities and e.e. values. These wild-type and mutant reductases might be useful as potential catalysts for synthesizing various chiral compounds, including (R)-ECHB.
Fig. 7.
Comparison of enantiomeric excess (e.e. p ) and (R)-ECHB produced using the wild type and various mutants.
Synthesis of (R)-ECHB ( ■ ) and e.e. p ( □ ) were measured and compared using the wild type and mutants.
